The thermal evolution profiles and kinetic parameters for the pyrolysis of two Montana coals (DECS-38 subbituminous coal and DECS-25 lignite coal), one biomass sample (corn stover), and their blends (10%, 20%, and 30% by weight of corn stover) have been investigated at a heating rate of 5 ∘ C/min in an inert nitrogen atmosphere, using thermogravimetric analysis. The thermal evolution profiles of subbituminous coal and lignite coal display only one major peak over a wide temperature distribution, ∼152-814 ∘ C and ∼175-818 ∘ C, respectively, whereas the thermal decomposition profile for corn stover falls in a much narrower band than that of the coals, ∼226-608 ∘ C. The nonlinearity in the evolution of volatile matter with increasing percentage of corn stover in the blends verifies the possibility of synergistic behavior in the blends with subbituminous coal where deviations from the predicted yield ranging between 2% and 7% were observed whereas very little deviations (1%-3%) from predicted yield were observed in blends with lignite indicating no significant interactions with corn stover. In addition, a single first-order reaction model using the CoatsRedfern approximation was utilized to predict the kinetic parameters of the pyrolysis reaction. The kinetic analysis indicated that each thermal evolution profile may be represented as a single first-order reaction. Three temperature regimes were identified for each of the coals while corn stover and the blends were analyzed using two and four temperature regimes, respectively.
Introduction
The past few years have seen an upsurge in interest in the gasification of biomass for several reasons. They include the following [1] .
(1) Reduction in greenhouse gas emissions caused by the combustion of fossil fuels.
(2) A need for energy independence due to the depleting resources and fluctuating prices of oil and natural gas.
(3) Developing interest in renewable energy resources.
Although there is an abundance of coal in the United States and several other countries and the fact that it will continue to be a major source of energy for many years to come, there is still great interest in replacing part of the coal used in energy generation with renewable biomass [2] . Many countries have initiated incentives in recent years to encourage the coutilization of biomass and coal for energy production [3] . The term biomass is used to encompass any plant-derived organic matter available on a renewable basis [2] . Biomass fuels (BF) are to be sustainable natural resources if they renew themselves at such a rate that they will be available for future use, that is, if the rate of consumption of BF is ≤ the rate at which it is generated. These BF resources can be either grown and harvested biomass such as switchgrass or waste biomass such as corn stover, wood wastes from forestry and lumbering operations, wastes from paper production, and landscaping wastes [2] . As is well known, the emission of CO 2 during the burning of BF is neutralized by the removal of CO 2 from the 2 Journal of Fuels atmosphere by the process of photosynthesis during biomass growth.
The idea of gasifying mixtures of coal and biomass is relatively new with almost zero commercial experience since the properties of coal and biomass differ significantly from each other [4] [5] [6] [7] . Many gasifiers can gasify biomass, but most of them are small scale, operate at lower temperatures and pressures, and use air instead of oxygen. Under these less severe conditions, pyrolysis dominates and produces light hydrocarbons, biooils, tars, and char, in addition to carbon monoxide. Prins et al. [8] reported that fuels with higher oxygen to carbon ratios have larger energy losses due to their high ratio of available chemical energy to heating value. Also, such fuels are overoxidized (combusted) in the gasifier in order to reach the required gasification temperature. Therefore, highly oxygenated fuels are not ideal for gasifiers keeping in view the energy losses that can be incurred and, hence, solid biomass can be more readily gasified if it is cogasified with coal [9] .
Pyrolysis or devolatilization (used interchangeably) is the first zone of the gasification process. The chemical components in the raw coal decompose by heating to a relatively low temperature (350-800 ∘ C) in the absence of oxygen. Coal can be considered a complex polymer network consisting of aromatic clusters and aliphatic bridges. During the process of pyrolysis, the complex structure of coal is broken down in to several small fragments whose vapor pressure is high enough to form volatile matter. The duration of evolution of volatiles is relatively shorter for biomass than coal [10] . The products include pyrolysis gases (CO, H 2 , CH 4 , and H 2 O), tar, oil, naphtha, and residual solid char [1, [11] [12] [13] . A complete description of the characteristics of pyrolysis is complicated, but, for a given sample, the pyrolysis behavior depends on the heating rate, final decomposition temperature, vapor residence time, the environment under which pyrolysis takes place, pressure, coal particle size, and coal rank [14] . The structure and the composition of the char obtained are also greatly affected by the pyrolysis conditions. This can be considered as the starting point for all heterogeneous gasification reactions.
Kinetic modeling of the devolatilization behavior of coal and biomass is, therefore, an important step in assessing the contribution of single materials and their interactions during the devolatilization stage. The understanding of kinetics of copyrolysis of blends of biomass and coals, particularly the mixtures of Montana coals and corn stover used in this study, is far from clear and, hence, it is important in design and operation of cogasification processes.
Thermogravimetric analysis (TGA) can be used to investigate thermal events and kinetics of pyrolysis and oxidation of the solid raw materials. TGA analysis provides a measurement of weight loss of the sample as a function of time and temperature. The kinetics of the thermal events can then be determined by the application of the Arrhenius equation corresponding to the separate slopes of constant mass degradation in each thermal event with different reaction order, activation energy, and frequency factor. TGA experiments can be carried out either isothermally, where the sample is heated at a constant temperature, or nonisothermally, where the temperature of the sample is increased at a constant rate. Isothermal experiments are typically slower since the sample might take a long time to reach even 50% conversion at temperatures of 500 ∘ C or less and multiple experiments are required for determining the kinetic parameters. On the contrary, the kinetic parameters can be determined using only a single experimental run in the nonisothermal mode which can achieve complete conversion in a much shorter period of time [15] . As described earlier, the devolatilization of coalbiomass blends is a complex process and the exact description of the kinetics is not yet available.
Theory
Several authors have approximated the overall process as a first-order decomposition occurring uniformly throughout the coal and biomass particles [16] [17] [18] [19] [20] [21] [22] [23] . For pyrolysis or oxidation reactions under nonisothermal conditions, the heating rate plays a very important role in determining the kinetic parameters [15, 18, 20, 23, 24] .
For a first-order reaction at constant heating rate, = / :
where is preexponential factor and is the activation energy.
Integration of the above equation subject to the condition that conversion is zero at initial temperature, 0 , leads to the following result:
Since there is no conversion at initial temperature, 0 , the limits of the integral in (2) can be conventionally changed to ∫ 0 exp(− / ), thereby introducing a new function as represented in (3). Consider
where = −( / ). Therefore, (2) reduces to
Since (3) cannot be solved analytically, several authors have used different approaches to solve the function ( ) [20, [25] [26] [27] . Coats-Redfern approximation [15, 20, [28] [29] [30] has been used in this study to determine the approximate value of the temperature integral because of the fact that this method provides the best linearity of the data as opposed to other analytical model-fitting methods [15, 29, 30] . This method is widely used and accepted for the calculation of kinetic parameters. The use of this approximation would help in transforming (3) into simple linear forms and thus obtaining the activation energy, , and preexponential factor, , as shown in (5) through (7) . In this approximation, ( ) is obtained by assuming an asymptotic expansion where only the first two terms are utilized.
Coats-Redfern Approximation. Consider
And,
Materials, Experimental Apparatus, and Operation
The thermal behavior of pure coal, corn stover, and their blends using thermogravimetric analysis would be discussed extensively in this work. The US Department of Energy Coal Samples (DECS) used in this work were obtained from the Pennsylvania State University Coal Sample Database while the corn stover samples were provided by the Center for Applied Energy Research at the University of Kentucky. For the purpose of this work, corn stover (CS) was blended individually up to 30% by weight with two different ranks of Montana coals, namely, DECS-38 subbituminous coal (SB) and DECS-25 lignite coal (LG) [31] . The samples were crushed and sieved to 150 m before blending to limit the effects of intraparticle heat transfer. The coal-corn stover blends were prepared in appropriate proportions and homogenized by constant stirring in the sample holders to ensure sufficient dispersion. Subsequently, their nonisothermal weight loss profiles were evaluated and copyrolysis kinetic parameters were determined using the integral method as described in Section 2. Montana coals were chosen based on economic considerations, their low sulfur content, and high percentage of carbon present since the ultimate goal is to gasify these blends in a moving bed reactor for the production of syngas that can be used as feedstock for downstream processes such as the Fischer-Tropsch synthesis used for producing liquid fuels. Also, keeping in view the overall gasification process, blends of higher percentages of biomass (in excess of 30% by weight) were not possible for the conditions at which the gasifier was operated since biomass is a low density, low heating value fuel and addition of more biomass would make the gasification process less efficient. Hence, a maximum of 30% by weight of biomass was chosen for this study. The proximate and elemental analyses of the single fuels are presented in Table 1 . Proximate analysis of the feedstock samples was conducted according to ASTM standard D7582-12 [32] using a Netzsch Jupiter STA 449 Simultaneous Thermal Analyzer. The percentages of C, H, and N in the feedstock samples were determined according to ASTM standard D5373-08
[33] using a LECO 628 Series Carbon/Hydrogen/Nitrogen Analyzer comprising of a dual-stage furnace operating at 1050 ∘ C while the percentage of sulfur in the sample was determined according to ASTM standard D4239-12 [34] using LECO SC 632 Carbon and Sulfur Analyzer and oxygen percentage obtained by difference.
As a part of this, pyrolysis of the different types of feedstock was carried out in nonisothermal mode using a TA-SDT-Q600 thermogravimetric analyzer. The weight of the samples used for these experiments was about 40 mg for the coal samples and about 10 mg for the corn stover samples on an as-received basis (which is approximately 25 mg for coal samples and 8 mg for corn stover on a dry basis). Pure nitrogen was used as the purge gas. Flow of pure nitrogen through the system negates sample oxidation and also removes the volatile pyrolysis products, thus ensuring an inert atmosphere during the run. In the nonisothermal mode, once the sample is inserted into the furnace, the temperature of the furnace was increased from room temperature to 127 ∘ C and held at that temperature for 15 minutes to ensure drying. Subsequently, the furnace temperature was raised to 900 ∘ C at a constant heating rate of 5 ∘ C/min. An inert nitrogen atmosphere was employed throughout the process and the nitrogen flow rate was maintained constant at 100 mL/min. Upon reaching a temperature of 900 ∘ C, air was introduced into the furnace to burn off the remaining char and obtain the percentage of ash in the respective samples. Also, the heat transfer limitations may be ignored due to the fact that the furnace heats up slowly combined with a low weight of the sample being pyrolyzed. The process was repeated four times to ensure reproducibility of the weight loss profiles for each sample (error < 5% for all samples).
Results and Discussion

Thermal Evolution Profiles.
The weight loss curves (dry ash free basis) during the nonisothermal pyrolysis at a heating rate of 5 ∘ C/min for all the feedstock being discussed in this work are shown in Figures 1(a) and 1(b) . The weight loss increases with increasing reaction temperature for all samples. Also, the weight loss profiles of the coal-biomass blends fall between those of the isolated single fuels. Figures 2(a) and 2(b) depict the differential thermogravimetric (DTG) curves of the samples used in this work, as a function of pyrolysis temperature, at a heating rate of 5 ∘ C/min. It can be seen that the samples display one peak at temperatures less than 150 ∘ C representing the removal of moisture from the samples [35] . Above this temperature, varied peaks are observed for the coals, corn stover, and their blends. Table 2 summarizes some of the pyrolysis parameters, such as, pyrolysis temperature range ( is the temperature of initial weight loss and is the temperature at the end of the reaction), maximum weight loss rates, and corresponding maximum DTG peak temperatures.
The thermal evolution profiles of DECS-38 subbituminous coal (SB) and DECS-25 lignite coal (LG) display only one major peak over a wide temperature distribution, ∼152-814 ∘ C for SB and ∼175-818 ∘ C for LG. This peak represents the release of carbon containing volatile matter from both coals [35] . The maximum peak temperature for this major peak is approximately 433 ∘ C and 419 ∘ C, respectively, for SB and LG. It is worth noting that the maximum weight loss rate of LG is much lower than that of SB. This can attributed to the fact Journal of Fuels 5 that LG contains much lower content of volatile matter than SB as shown in Table 1 . Also, the maximum weight loss rates for the coals occur in a temperature range of 400-500
∘ C corresponding to the data reported by Sun et al. [36] . In the case of corn stover (CS), the thermal evolution profile can be divided into three more stages apart from moisture removal corresponding to the removal of hemicellulose, cellulose, and lignin components of corn stover. The decomposition of the hemicellulose and cellulose components of corn stover can also be termed as the active pyrolysis zone while the slow decomposition of the lignin component represents the passive pyrolysis zone. This is generally the case for all lignocellulosic materials [37] . As it can be seen, the thermal decomposition profile for CS falls in a much narrower band than that of the coals, ∼226-608 ∘ C. This is mainly due to the high volatile content and lower fixed carbon content of CS as compared with that of the coals.
This difference is also attributed to the strength of the molecular structure of the fuels. The immobile phase present in coal structure comprises dense polycyclic aromatic hydrocarbons linked together by aromatic rings with very high bond energy of about 1000 kJ/mol [18] . In contrast, the polymers of hemicellulose, cellulose, and lignin which constitute the macromolecular structure of biomass and other woody materials are linked together by relatively weak bonds with a bond energy of about 380-420 kJ/mol [38] . These bonds are less resistant to heat at low temperatures. As a consequence, a much higher mass loss rate results in biomass samples as compared with coal as can be seen from Table 2 . The maximum weight loss rate of CS is almost an order of magnitude higher than both coals. As observed, the DTG profile of CS results in a split peak in the temperature range of ∼226-375 ∘ C. The lower temperature shoulder represents the decomposition of the hemicellulose component with a peak temperature of ∼286 ∘ C and a weight loss rate of 2.278%/min while the higher temperature peak represents the decomposition of the cellulose component with a maximum weight loss rate of 4.492%/min at a temperature of 331 ∘ C. This decomposition continues up to a temperature of approximately 375 ∘ C. Above this temperature, the slow decomposition of the lignin component begins continuing 
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LG-CS blends up to a temperature of about 608 ∘ C beyond which very little change in the weight occurs.
As for the blends of both coals with corn stover, the DTG curves are represented in Figure 3 . The DTG evolution profiles for different blends of CS with SB and LG showed two distinct peaks in the temperature range of approximately 176-815 ∘ C. For blends of CS and SB, the first peak occurs at a maximum peak temperature of approximately 326-330 ∘ C representing the devolatilization of CS (evolution of hemicellulose and cellulose components) while the second peak occurs at a maximum peak temperature of 419-430 ∘ C representing the devolatilization of SB. Similar trends are observed for blends of CS and LG with maximum peak temperatures ranging from 318 to 336 ∘ C for the devolatilization of CS and from 411 to 423 ∘ C for the devolatilization of LG. Also, it can be observed that the maximum weight loss rate (%/min) for the CS devolatilization profile increased with increasing concentration of CS in the blends and vice versa for the coal devolatilization profile, without an apparent change in the shape and position of the peaks when compared to those of the single fuels. This may be attributed to the fact that the release of volatiles containing oxygenated components during the devolatilization of CS, generally, does not affect the devolatilization of coal at higher temperatures [35, 39, 40] . But, it must be noted here that the change in the maximum devolatilization rate is not linear with the increase in corn stover percentage indicating the possibility of interactions between the blended fuels.
Analysis of Synergistic Interactions in Blends.
In order to investigate the synergistic behavior between the coals and corn stover in the blends, the disparity in the amount of volatile matter released was evaluated between the experimental and calculated curves as shown in Figure 3 . In order to better analyze the synergistic behavior between the blended fuels, an additional experimental run consisting of 40% corn stover was also performed. The predicted amount of volatile matter released was calculated using a simple additive relationship [41, 42] as shown in (8) . Consider
where refers to the fraction of each material in the blend and VM is the % of volatile matter evolved.
For the TGA experimental runs performed, the percentage of volatile matter evolved increases with an increase in the percentage of corn stover in the blend which is an expected result due to the fact that corn stover has higher volatile content inherently. However, it is noteworthy that this increase in volatile matter with increasing corn stover concentration in the blends of corn stover with subbituminous coal is not linear with deviations from the predicted yield ranging between 2% and 7%, indicating some kind of synergistic behavior between the blended materials unlike some previous works indicated in the literature [38, 43] . On the contrary, for blends of corn stover with lignite, the deviations from the predicted yield are much lower (1%-3%), implying very little synergistic interactions between corn stover and lignite.
In order to further verify this assumption and delve deeper into the synergistic behavior between the materials, the calculated and experimental DTG curves were plotted as shown in Figures 4 and 5 . The calculated DTG curves were estimated using an equation similar to (8) by replacing the % of volatile matter evolved with the weight loss rate of the material. The DTG curves for SB and CS blends show that the predicted and experimental curves match closely at temperatures above 500 ∘ C indicating that synergy between the materials exists at lower temperatures (∼230-450 ∘ C). Also, increasing the percentage of CS in the blend lowers the temperature (∼380 ∘ C) until when synergistic behavior is observed. In the case of CS and LG blends, the disparity in the (c) Figure 6 : Analysis of the thermal evolution profiles and temperature ranges for pyrolysis of (a) DECS-38 subbituminous coal, (b) corn stover, and (c) 10% CS and 90% SB blend.
predicted and experimental DTG curves is quite apparent at lower concentrations of CS. The synergistic behavior for 10% CS and 90%
LG starts at about 320 ∘ C continuing until the end of pyrolysis. However, increasing the CS percentage to 30% drastically reduces the synergistic behavior. This can be observed only at higher temperatures (∼380-680 ∘ C), albeit, with very less deviations in both curves.
Kinetic Analysis.
As described in (1) through (7), using Coats-Redfern approximation, the kinetic parameters, activation energy, and preexponential factor were determined for both single fuels and the blends. From the pyrolysis data obtained, it is evident that different constituents of the sample pyrolyze at different temperatures and each temperature regime may be represented with a specific set of kinetic parameters. Each zone or temperature regime was estimated through inflection points or tangents drawn along the weight loss curves once moisture has been removed. The points corresponding to the tangents were marked as the beginning of a particular temperature zone of the total pyrolysis regime. Figure 6 shows the first-order plot of ln[− ln(1− )/ 2 ] versus 1/ . As described in Section 2, the activation energy can be Journal of Fuels estimated from the slope of this plot while the preexponential factor can be estimated from the intercept by taking the temperature at which = ( 0 + )/2. The pyrolysis of subbituminous coal may be described as a process with three consecutive first-order reactions. In order to apply (7), the conversion was recalculated for each zone separately to determine the kinetic parameters for the respective zones. A similar procedure was carried out for estimating the kinetic parameters of DECS-25 lignite coal and blends of both coals with corn stover. Lignite coal also has three zones where the first-order analysis can be applied while the corn stover has two independent zones and the blends contain at least four different zones. As an illustration, Figure 7 depicts the kinetic analysis for the pyrolysis of DECS-38 subbituminous coal, corn stover, and 10% CS and 90% SB blend.
Thus, the coal devolatilization process can be divided into three stages [18, 23, 38] . For DECS-38 subbituminous coal, in the first stage, for temperatures less than 360 ∘ C or until a conversion level of approximately 16%, only the peripheral parts and the mobile phase of the macromolecular structure of coal decompose. This zone will have relatively lower activation energy as shown in Table 3 . In the second stage, for temperatures between 360 ∘ C and 460 ∘ C (conversion between 16% and 53%), pyrolysis liquids and gases are the main products. As explained earlier, this zone mainly comprises the immobile phase of the coal structure which is more resistant to heat. Therefore, only a small amount of fragmented polycyclic aromatic compounds are produced during this phase. Hence, the activation energy of this phase is much higher than that of the first phase. In the last stage, for temperatures greater than 460 ∘ C, the remaining macromolecular structure of coal is further decomposed. The activation energy in this case is much lower than that of the second phase indicating that during the third stage, repolymerization or crosslinking reaction resulting in the formation of char as the pyrolysis product occurs more easily since most of the volatiles or oxygen containing functional groups have been removed in the previous stages. Apart from this, it can be seen that the kinetic zones for the coalbiomass blend are slightly different from those of coals. For coal-biomass blends, four independent reactions are used to describe the copyrolysis process. It can be noted that the conversion range for the first stage is only up to ∼7% indicating that the main decomposition of the coal-biomass blend occurs at higher temperatures. As seen from Table 3 , the kinetic parameters for the different thermal evolution profiles during the copyrolysis of coal and corn stover blends have been predicted. The good correlation factor indicates that each thermal evolution profile may be represented as a single first-order reaction. 
Conclusions
Thermogravimetric analysis has been performed on nine feed materials, that is, three single fuels and four blends, and the pyrolysis characteristics were analyzed. The kinetic parameters were determined for the pyrolysis reaction using a nonisothermal mode of operation and single first-order reaction model at a heating rate of 5 ∘ C/min.
The lower final weight loss of subbituminous coal is related to the high content of fixed carbon which is not decomposed in this temperature range. Also, it can be observed that corn stover has the highest weight loss percentage. This trend is due to the high volatile content and low fixed carbon content in corn stover as compared to coals. Also, the pyrolysis temperature range decreased with an increase in the concentration of corn stover in the blends due to the fact that corn stover has a much higher weight loss rate when compared to that of the coals.
The pyrolysis of both subbituminous and lignite coals can be reasonably described as a process with three consecutive first-order reactions with distinct temperature zones while corn stover and the blends have two and four distinct temperature zones, respectively, where the first-order kinetic analysis can be applied. Also, it was observed that the second thermal event during the coal pyrolysis has the highest activation energy of ∼149 KJ/mol for DECS-38 subbituminous coal and ∼78 KJ/mol for DECS-25 lignite coal. As for corn stover, the major pyrolysis region is in the temperature range of 136-350 ∘ C where a majority (∼77%) of the mass fraction is removed with an activation energy of ∼104 KJ/mol. It can also be seen that the activation energies of the blends are not simply additive in nature further indicating a possibility of interactions between the individual fuels. Apart from this, a thorough investigation into the synergistic behavior between single fuels in the blends has been performed with the conclusion that there are definite interactions between the DECS-38 subbituminous coal and corn stover in the temperature range of 230-450 ∘ C. But, in the case of blends of DECS-25 lignite coal and corn stover, minimal synergistic behavior was observed only at lower concentrations of corn stover starting at a temperature of about 320 ∘ C. Finally, the kinetic analysis described in this work may only be used as a starting point for developing more complex and predictive models for accurately estimating the copyrolysis behavior of different biomass materials and coals.
